Abstract : Heart rate monitoring has huge potential in disease prevention, stroke prediction, and mental stress/workload assessment. Although most conventional heart rate monitoring systems are wearable devices, such devices may be obtrusive and disturb our daily life. This work proposes a new large, thin and flat/curved surface-type heart rate sensor. Building the proposed sensor into the surfaces of daily devices, such as a steering wheel or a computer mouse, allows daily heart rate to be monitored unobtrusively, without changing the users behavior. Experiments on subjects evaluated the heart rate monitoring performances of flat, curved, and mouse-embedded prototypes. The results confirm PPG measurement accuracies equivalent to those of the conventional point sensor.
Introduction
Heart rate monitoring has huge potential in preventing hypertension and depression, predicting emergencies such as strokes, cardiac heart failure, and epilepsy, and assessing mental stress and mental workload [1] - [5] . Heart Rate Variability (HRV) [6] is often used as a marker of such diseases or mental states. Measuring Peak-Peak Intervals (PPIs) of PhotoPlethysmographic (PPG) waveform is one common approach to capturing HRV [7] . The PPG technique measures blood volume changes at the peripheral part of the body (i.e. fingertips) using near IR-light and a photo detector.
PPG-based wearable devices [8] , [9] can provide continuous heart rate monitoring because they remain in firm contact with the body. However, they often felt to be obtrusive, particularly in non-clinical situations.
One proposal integrates a PPG sensor into a device's surface [10] . Although this approach avoids the intrusiveness of wearable devices, its small sensing area requires that the user find and keep specific sensor alignment, which also disturbs the users' natural behavior.
To reduce the alignment difficulties raised by narrow sensing areas when built into daily-life devices, the authors propose a new PPG-based surface-type heart rate sensor. The proposed method yields large PPG sensing areas, and can be implemented as various types of broad, thin and flat or curved heart rate sensors. Using the proposed method, the heart rate can be monitored over broad sensing areas on devices such as the steering wheel or computer mouse without concern for finger alignment.
The pilot studies showed that the proposed method matched the measurement accuracy of a conventional PPG sensor from the viewpoint of LF/HF, which is one common HRV met-ric [11], [12] . However, to fully understand HRV measurement performance of the proposed method, the evaluation of PPI accuracy itself is needed. Furthermore, the proposed method have to be evaluated not only as the basic prototype (flat and curved), but also as it is integrated into the devices (such as mouse or steering wheel). In this paper, from these two viewpoints, the authors describe the detail of the proposed method as below; 1): The authors evaluate the correlation between the PPIs measured by the proposed sensor and the conventional point type sensor. 2): By using the mouse-embedded prototype presented in [13] , the authors discuss the sensing performance of the proposed method when it is integrated into the device.
Surface-Type Heart Rate Sensor
The proposed method can achieve broad sensing area without changing the basic principle of the conventional PPG sensor (Fig. 1) . As Fig. 2 shows, two thin plates (diffusion plate and detection plate) are combined with basic PPG sensor components (near IR-LED and photo detector). The detection plate is located above the diffusion plate, and the photo detector is placed on the side of the detection plate. There is a thin air layer (or void) between the detection plate and the diffusion plate. The upper part of the detection plate works as the sensing region. It is necessary that both detection plate and diffusion plate are highly transparent to near IR-light and have high refractive index. One candidate material is Polymethyl Methacrylate (PMMA), whose near IR transparency is approximately 90%, and refractive index is more than 1.48 (at wavelength λ ≤ 1000 nm) [14] , [15] . A reflection pattern is formed on the diffusion plate. Near IR-light entering the diffusion plate is diffused by the reflection pattern. This is a well known technique used for edge-lit type backlight systems [16] . Almost all of the light goes through the detection plate because of its high transparency. Wherever a human body part (i.e. a fingertip) touches the sensing area, the light received from the plate is reflected at the boundary between the body part and the detection plate. The amount of the reflected light varies in accordance with the blood volume under the skin.
Some of the light that is reflected from the body part re-enters the detection plate. The light whose incident angle is larger than a critical angle θ (such as 'a' in Fig. 2 • . Due to this optical arrangement, the proposed surface-type sensor provides a broad sensing area. In addition, this method can be applied to curved surfaces as long as the surface emission of the diffusion plate and TIRs in the detection plate are preserved (see Fig. 3 ). 
Evaluation
The proposed method was implemented as flat, curved, and mouse-embedded prototypes, and their sensing accuracies were evaluated against a conventional point type PPG sensor (BIOPAC Inc. TSD200).
Flat and Curved Surface Prototypes

Hardware
Flat and curved surface prototypes are shown in Fig. 4 and part was 1 mm. As the detection plate, a 0.8 mm thick transparent PMMA plate was used. The size of the curved surface was same as the flat surface, and a 6 mm radius curve was created in both plates 50 mm from the photo detector. Four IR-LEDs with 940 nm peak wavelength were attached to the light entrance of the diffusion plate and driven at 100 mA. A commercial point type PPG sensor head (BIOPAC TSD200, peak wavelength is 870 nm) was attached at the end of the detection plate as the photo detector.
Experimental procedure
This experiment was approved by the Research Ethics Committee, NTT Service Evolution Laboratories. 7 subjects participated in the experiment (25-42 years old, 6 males, 1 female), after providing their informed consent. The subjects sat on a chair and kept their hands and bodies still during the experiments. The acquisitions were performed with three different finger distances (30, 50, and 70 mm from the photo detector) on the flat surface, and 70 mm distance from the photo detector on the curved surface. The subjects' three fingers (index, middle, ring finger) of the right hand were placed on the prototypes surfaces (See Fig. 6 ). The conventional point sensor was attached to the left index finger to capture the reference waveform. In each setting, acquisition over 180 seconds was repeated three times at 60 second intervals.
Data processing
The signals from both the proposed sensor and the conventional sensor were sent to a PC (Windows 7) via a data acquisition system (BIOPAC MP150) with 1 kHz sampling frequency. This setup used a low pass filter (10 Hz cut-off) and notch filter (to cancel AC noise from the power supply). Numerical differentiation was applied to detect peaks in the waveforms. Before calculating the correlation coefficients between the PPIs of conventional point and proposed sensors, the error peaks of the proposed method were subtracted. Here two types of error peaks were considered: Missing Peak (MP) and False Peak (FP). MP means there is no peak in the proposed method around ±w from any peak in the reference waveform. FP means there is a peak on the proposed method's waveform while no corresponding peak exists on the reference waveform around ±w. w was set as 250 ms. To evaluate these error rates, Missing Peak Rate (MPR) and False Peak Rate (FPR) were also calculated by dividing the number of MP and FP by the total number of peaks in the reference waveform. 
Result
The waveforms acquired by both the proposed sensor and the point sensor are shown in Fig. 7 . Figure 8 shows the PPI correlation plots between the proposed sensor and the conventional point sensor, at the distances of 30, 50, 70 mm on the flat surface, and 70 mm on the curved surface. Correlation coefficient r values are .99 (flat surface, 30, 50, and 70 mm), and .98 (curved surface, 70 mm). In all four capture arrangements, p values were less than .001. Table 1 shows MPRs and FPRs. 3.1.5 Discussion As shown in Section 3.1.4, the correlation coefficients were high for all three distance on the flat surface. This shows that the proposed method can match conventional point sensor performance while offering a much wider sensing area. Also, the result of the curved surface showed that the proposed method works even when a curve exists between the photo detector and an point of finger touch. Note that both MPR and FPR increased with the distance from the photo detector or when a curve is present. This implies that the size, or the curved shape of surface should be taken into consideration when planning to integrate the proposed method into devices. 
Mouse-Embedded Prototype
The proposed method was integrated into an ordinary computer mouse and its PPG measurement accuracy was evaluated.
Hardware
The proposed method was integrated into both sides of an ordinary computer mouse (see Fig. 9 ). Each surface was 68 mm by 24 mm at its widest part. Both detection plate and diffusion plate were 1.2 mm thick and total thickness of the surface was 2.4 mm. As the photo detector, a single photo transistor was attached to the front end of each detection plate. The peak wavelength of near IR-LEDs and the photo transistors were 940 nm. Figure 10 shows the circuit used to obtain PPG waveform signals from the photo detectors. This circuit consists of a highpass filter to capture the AC component (due to blood volume changes), an non-inverting amplifier, and a low-pass filter. The amplified signals were converted to digital signals with 100 Hz sampling frequency by the microcontroller, and sent to a PC via a USB connection.
Experimental procedure
This experiment was approved by the Research Ethics Committee, NTT Service Evolution Laboratories. 4 subjects participated in the experiment (male, 25-27 years old) after providing their informed consent. During data acquisition, subjects sat on a chair and used their right hand to hold the prototype as for normal mouse operation. Their ring finger and little finger contacted the right surface, and the thumb the left surface. A conventional point type sensor was attached to the left index finger to acquire reference signals. The acquisition continued for 30 seconds per a subject. During experiment, their hands and bodies were kept still.
Data processing
The signals from both left and right surfaces were processed by a quadratic Butterworth filter (10 Hz cut-off frequency). Peak detection and the calculation of correlation coefficients, MPRs, and FPRs were performed as described in Section 3.1.3. Figure 11 shows the waveforms from left and right surfaces, and the conventional point sensor. Figure 12 shows the PPI correlation plots between both surfaces and the conventional point sensor. Correlation coefficient r values were .99 and 1.0, respectively. Table 2 shows MPRs and FPRs. 
Result
Discussion
The high PPI correlation values noted in Section 3.2.4 show that proposed sensor on the mouse matches the PPG measurement accuracy of the conventional point sensor. The higher MPR and FPR of the left surface compared to the right surface are explained below:
• The thumb might not be as good as the other fingers in terms of data acquisition.
• The area of the thumb contacting the left surface was much smaller than the total area of the two fingers on the right surface. To fully evaluate the mouse-embedded prototype, experiments that perform VDT work with pointer movement and clicking actions are needed.
Conclusion
The authors presented a surface-type sensor for unobtrusive heart rate monitoring in daily life activities. The proposed sensor realizes heart rate monitoring from broad surfaces that suit everyday devices, such as mice and steering wheels. Experiments showed that the proposed method matches the PPG measurement accuracy of the point sensor. The authors intend to apply the proposed sensor to actual VDT work and automotive environments, and tackle mental stress/workload assessment during working and driving. 
